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EXECUTIVE SUMMARY

The Navy must comply with numerous environmental regulations
relating to the identification, assessment, monitoring, and cleanup of
hazardous waste sites. Standard methods employed in all phases of
compliance are labor intensive, time consuming, and costly at the very
least. This study provides the ground basis tor initiating development
of a new protocol for environmental assessment that may be employed from
airborne sensors, thus providing more data in a shorter period of time
at a reduced cost.

This study shows that plants, being effective 11tegrators of
environmental conditions, can be used for deriving information. It was
shown that vegetation (from known hazardous waste situ) does in fact
respond spectrally to anomalous concentrations of environmental con-
taminants. The results show that red edge reflecLance values are sig-
nificantly different between samples from two contaminated sites and
their respective controls. Further ground-based experiments need to be
conducted concurrent with airborne sensor readings.
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INTRODUCTION

This report describes a project initiated in August 1988 by the
Naval Civil Engineering Laboratory (NCEL). The project was designed to
develop a strategy involving geobotanical, biogeochemical, and remote
sensing techniques for the detection, assessment, and monitoring of
environmentally contaminated areas at Navy facilities. This strategy
was to be accomplished using techniques which could be repeated and
would be rapid, efficient, and cost-effective. While the development of
the techniques occurred at sites having known contamination, the tech-
niques, if proven effective, could be used for the identification of
unknown sites, as well as for the assessment and monitoring of known
sites.

The Navy has long had the need to locate, assess, and monitor
hazardous waste activities. At present, the Navy is using techniques
that may not be adequately assessing the magnitude of hazardous waste
impacts. Often the Navy responds to discoveries of hazardous waste made
by other agencies. The techniques developed during this investigation
should allow the Navy to discover the existence of toxic materials
within its facilities and to monitor and prioritize hazardous disposal
activities which are spreading both inside and outside its facilities.
The techniques developed should allow the Navy itself to make deter-
minations regarding the existence and extent of hazardous waste within
its facilities and to remedy the problem.

Three study areas were chosen on the basis of stated need by the
Naval Facilities Engineering Command (NAVFAC) and an ongoing Installation-
Restoration Program. The areas also met criteria involving the composition
and distribution of overlying vegetation as well as minimal apparent
ancillary cultural disturbances which might have confused observations.
These areas are located north of Bremerton, Washington, and include two
sites on the Naval Submarine Base, Bangor (Figure 1) and one site at the
Navy Undersea Warfare Engineering Station (NUWES) at Keyport. The Keyport
site was dropped from the investigation because of cloudiness at the
time of the field investigation which precluded the use of one of the
techniques (the ground-based spectroradiometric measurements).

BACKGROUND

The Bangor sites included an electroplating acid waste disposal
site (used between 1960 and 1973) that contained several toxic heavy
metals that had been dissolved or suspended in electroplating solutions,
and an ordnance (primarily trinitrotoluene - TNT) burn disposal site
(used between 1946 and 1965). The Keyport site involved a landfill (now
covered primarily by asphalt) which reportedly had high concentrations
of trace metals, petroleum hydrocarbons (including Otto fuel), and
unidentified halogenated organics incorporated into the fill.
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The general region of the study area is located within the Puget
Sound lowland of western Washington. This area was glaciated during the
Pleistocene era. Consequently, the geomorphology of the region as well
as the soils have been highly influenced by that action. The soils in
most places are derived from glaciofluvial action as well as from till.
The resultant topography in the immediate vicinity of the study areas
clearly exhibits those characteristics (i.e., terraces, deltas, and
bars resulting from the glaciofluvial action and gently undulating to
hilly topography resulting from the glacial till). The soils of the
study area region are quite gravelly due to the glacial activity (a
typical soil is a gravelly sandy loam), and, as a result, tend to drain
very rapidly. The vegetation is typical of the Puget Sound lowland,
consisting of conifers including Douglas fir, western hemlock, and
western red cedar. In addition, where Douglas fir (or other conifers)
have fallen, been logged, removed, or burned, alder typically comes in.
Numerous minor western hardwood species are also found intermingled
within both the coniferous and broad-leaved forests.

Biogeochemical Effects of Reavy Metals and Organics on Vegetation

Extensive literature exists on the toxic effects of heavy metals on
vegetation. Very limited literature exists on the effects of organics
such as TNT or its secondary products. To understand the response of
plants to heavy metal stress or to the effects of potentially toxic
organic compounds, it would be helpful to review a plant's response to
general environmental stress (Warren, 1980; Foy, 1973; Gates, 1980;
Knipling, 1970; and Bunnik, 1978). A plant responds in many ways to the
stress of abnormal situations (Treshow, 1970). There are four basic
types of response: (1) growth response, (2) reproductive effects, (3)
chlorosis, and (4) necrosis. Growth is influenced by two fundamental
metabolic processes: photosynthesis and respiration. Photosynthesis is
the conversion of radiant energy to chemical energy. Chemical energy is
stored ip the form of carbohydrates in the cell and is released through
respiration. The process occurs only in illuminated green tissue,
because chlorophyll plays an essential role in the conversion of light
energy to chemical energy. While chlorophyll is found in many plant
parts, most of the chlorophyll pigments are concentrated in the chloro-
plasts of leaf mesophyll cells. Although there are several kinds of
chlorophylls, chlorophyll a and b are the only important ones in woody
plants (Kramer and Kozlowski, 1979). Chlorophyll is fluorescent, ab-
sorbing certain wavelengths of visible light primarily in the red and
blue part of the spectrum. Chlorophyll molecules are organized within
the chloroplasts in photosynthetic units, each consisting of several
hundred molecules. Failure to develop or maintain chlorophyll results
in a yellowing of leaves or "chlorosis." The major environmental fac-
Lots affecting chlorophyll formation are l-h, temprature, minerals,
water, and oxygen; but chlorophyll formation is very sensitive to almost
any factor which disturbs metabolic processes. Probably the most common
cause of calorosis is a result of a mineral deficiency or toxicity (the
significance of this will be discussed later). The process of photo-
synthesis can be broken down into the following sequential events: (1)
trapping of light energy by the chloroplasts, (2) splitting of water and
release of high-energy electrons and oxygen (0), (3) electron transfer
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leading to generation of chemical energy in the form of adenosine tri-
phosphate (ATP) and reducing power as nicotinamide adenine dinucleotide
phosphate (NADPH), and (4) terminal steps involving expenditure of energy
of ATP and the reducing power of NADPH to fix carbon dioxide (C02)
molecules in phosphoglyceric acid and subsequent conversion into more
complex carbohydrates.

Photosynthesis includes a photochemical phase requiring a light
phase as well as a dark phase. The photochemical phase of photo-
synthesis consists of two light reactions which are joined together by
electron carriers. The systems operate through the use of different
pigments. The operation of each light reaction or photosystem involves
absorption of one quantum of light energy by each reaction center, which
is then said to be in an "excited" state. In the first photosystem, the
"excited" reaction center gives up an electron to an electron acceptor
and the electron then moves down f energy scale to ferrodoxin and is
involved in the reduction of NADPh NADPH2. In the second photosystem,
the energy absorbed is used to bring about the excitation of electrons
and the photolysis of water. The pigments of this photosystem Lnclude a
species of chlorophyll a with an absorption maximum of about 680 nm,
some a(ditLional chlorophyll a and b, a-a _;:-otenoids. The importance of
this sequence in this discussion is that disruptions in the rate of photo-
synthesis and the production of chlorophylls affects the spectral response
of vegetation including absorptions in the 680 nm region (the beginning
of the "red edge").

Mineral elements in the soil, whether required for normal nutrition
or not, are all absorbed by the plant to some extent. Above essential
nutrient needs, the plant may absorb and accumulate excessive toxic
amounts. The ratio between many of these elements is also vital. Too
much as well as too little of many mineral elements will upset the ratio
and cause abnormal development or response. Figure 2 is a dose-yield
response curve for hypothetical nutrients and nonessential elements.

The dose-yield response curve is comprised of three distinct phases
or zones which define the nutrient status of the overall plant: (1)
deficiency, (2) tolerance, and (3) toxicity. A depletion of an element
may be just as useful an indicator as an enrichment, for both provide
information about the geochemistry of an area. High unit toxicity
elements such as copper will have a limited range between threshold and
lethal toxicity, while low unit toxicity elements such as Cr and Mn will
have a broader range.

While nutrient requirements are largely inherited, nutrient absorp-
tion and accumulation also depend on such physical factors of the soil
as structure and acidity. About one-fourth of the earth's soils are
considered to produce some kind of mineral stress (H{ale and Orcutt, 1987).
Most of this stress can be attributed to an overabundance or abnormal
concentration of essential nutrients. Approximately 15 to 17 elements
are considered to be essential to plant growth and reproduction. These
include C, H, 0 (non-nutrients), N, P, K, S, Ca, Mg (macronutrients),
Cu, Zn, B, Cl, Mo, Mn, and Fe (micronutrients). Numerous other elements
including Se, Ni, Cr, Co, and Al, while not possibly being essential,
are taken up into plant tissues and may affect photosynthesis.
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There are many plants in which tissue metal concentration is well
correlated with the soil metal concentration. A plant's response to a
change in element concentration is concentration dependent; that is, the
degree of response of a plant to a change in concentration of a specific
element may not be the same when the concentration is high as where there
is only a low background concentration of the same element.

Nutrients are absorbed from soil solutions in the ionic form: the
common metals are taken up as cations, and the macronutrients N, P, and
S as oxyanions. There are three main mechanisms whereby ions may be
absorbed by plants (from Brooks, 1983). Two of these involve uptake at
the root system and the third involves foliar absorption in the aerial
parts of the plant. This latter mechanism is not common in our study
area region. Uptake at the root system involves either diffusion into
the plant from the soil solution or cation exchange at the surface of
clay minerals. Some ion absorption also occurs by simple diffusion into
the cells of the root tips. A surprising feature of the accumulation of
ions by roots is that tbeir concentration in the cell fluid is often
many times greater thaei in the soil solution. This is known to be a
metabolically mediated process requiring the expenditure of cellular
energy. The ions absorbed at the roots of the plants usually are trans-
located in an upward direction toward the leaves. The xylem appears to
be the chief medium of the movement. Plants vary greatly in their ability
to accumulate elements from the soil. Levels of selenium in plants, for
example, may vary by a factor of 4,000 (Brooks, 1983)!

A plant's response to soil nutrient concentration may be influenced
by the amount of other elements present. For example, a number of plants
will secrete chelating agents in response to an iron deficiency. The
soil will become more acid and many metals in addition to iron will
become available for absorption by the plant. Thus, ianges in one
nutrient can result in changes in tissue concentrations of many others.
A classic example of effects on mineral uptake according to soil con-
centration can be found in the Josephine ophiolite of southwest Oregon.
The peridotites of this area have much lower concentrations of calcium
than most rock types. In fact, the magnesium/calcium ratios of the soil
solutions are much greater than one (in Itnormal" soils, the ratio may be
1/10 or 1/20). It has been hypothesized that as the plant attempts to
uptake the essential nutrient calcium, it takes up an abnormal and often
toxic level of the nutrient magnesium (both are divalent ions).

When small localized areas of abnormally high metal concentration
occurs, a plant's response is typically avoidance. When the metal is
evenly distributed in the soil, all roots are affected in the same way
and tissue analysis will feflect the soil concentration. However, when
the high concentration areas are localized, root growth in the toxic
areas will be inhibited while the root growth in the rest of the soil
will continue at a normal rate. Plants adopt varying strategies to deal
with anomalous elemental concentrations. These may include a biochemical
avoidance, internal detoxification, or a biochemical tolerance. A linear
relationship between total soil concentration and tissue concentration
is rare. Most plants function as elemental accumulators at low background
levels. Often soil concentration may remain static with tissue concen-
tration increasing or decreasing. This may occur when pH changes, causing
elements to mobilize or become less mobile, thereby resulting in tissue
concentrations to increase or decrease.
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Solubility and mobility factors determine the plant-available
fraction of an element in the soil. In Carlisle et al. (1986), Nye and
Tinker expressed the mean concentration of an element in a plant in
relation to the simultaneous process of growth and uptake as:

X = (S/Rw)(Mr/M)

where X is the fraction of the element to dry matter governed by the
specific nutrient absorbing power of the root (S); Rw is the relative
growth rate of the plant; and Mr/M is the root/plant mass ratio.

An increase in the soil p1 of one unit from, for example, pit 5 to
pit 6, will decrease the availability of most cations by half and con-
siderably increase the availability of anions.

Spectral Reflectance of Plants

One impact of differential cation distribution in soils may be a
resulting impact on the spectral response of associated vegetation. The
spectral reflectance of plants can be a very revealing indicator of the
plant's response to geochemical conditions.

Plant spectral response depends upon a number of factors including
leaf geometry, morphology, physiology, chemistry, soil site, and climate
(Gates, 1970). A plant leaf reflects radiation in a manner that is
uniquely characteristic of pigmented cells containing water solutions.
Figure 3 illustrates a typical spectral (from 0.4 um to 2.4 um) response
curve of a healthy green leaf. Reflectance patterns can be grouped into
three distinct regions: 0.4 um to 0.7 um, 0.7 um to 1.3 um, and 1.3 um
to 2.4 um. In the visible part of the spectrum (0.4 um to 0.7 um), plant
spectral response is fairly low with lower blue and red reflectance than
green. This is due to plant pigment absorption, chiefly chlorophyll and
carotene, in blue and red. A lesser absorption in green results in higher
green reflectance. Relatively slight changes in pigmentation will affect
plant spectral response in this region. Pigmentation changes, such as
chlorosis, can occur because of abnormal soil geochemistry. Pigment
absorption is not especially significant between 0.7 and 2.4 um. Instead,
intercellular air spaces developed in the spongy mesophyll of the leaf
increase the number of reflecting surfaces with abrupt changes in the
index of refraction. The spectral result is a rapid increase in reflec-
tance at approximately 0.7 um. This is largely the result of the inter-
action of incident radiation with the mesophyll structure. Once the
leaf mesophyll is fully developed, small extcrnal changes will probably
not affect the reflectance. Large changes in water availability, how-
ever, probably would affect near infrared zefLectance (Gates, 1970).
Beyond 1.3 um, plant spectral response is largely a function of internal
leaf water content.

Most measurements of vegetation reflectance prior to 1983 by remote
sensing techniques typically utilized broad s2ectral bands on the order
of 100 nin. This low spectral resolution precludes the response of vege-
tation to more subtle features. Tn particular, the spectral region
associated with the "red edge" requires narrow spectral bands to resolve
subtle variations that may be associated with metal stress. The red
edge is a unique feature of green iegetation because it results from two
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special optical properties of plant tissue: high internal leaf scattering
causing large near infrared reflectance, and chloropbyll absorption giving
low red reflectance (Horler, 1983). Horler reports Lhat as chlorophyll
content increases, the red edge shifts progressively to longer wavelengths.
Ile states that the position of the red edge may be a ooe measurr. of the
amount of chlorophyll in the leaf. He further regorted that there appears
to be a link between the wavelength of the red edge and plant chlorophyll
content. The red edge appears to shift to shorter wavelengths as a result
of plant stress (Horler, 1983).

The previous discussion relates primarily to the effects of heavy
metals on plants. In fact, other materials may affect vegetation with
similar deleterious effects. A number of organics have devastating
effects on plants (obviously herbicides). Thzse materials affect t:,e
plants ability to metabolize and in fact may cause a total metabolic
breakdown.

In studies involving plant growth and mptabolism in soil solutions
containing varying concentrations of TNT, Palrzzo and Leggbct (1986)
found that plant growth and development were affected by TNT. The
greatest changes in physiological activity occurred bet.ween concentra-
tions of 0.5 and 5 mg/L of TNT. Results of their study showed that a
breakdown in root cell structure was accompanied by a reduction of root
and aboveground biomass growth.

METHODS

Statistical Evaluation

A methodology has been developed for this project which centers on
a statistical evaluation of the effects of hazardous waste on the over-
lying vegetation. The methodology involved the analysis of palred sets
of observazions for each of the study areas. Of paramount itrrortance in
the establishment of each paired set was uniformity of observation.
That is, vegetation species, site, geology, climate, sampling procedures,
etc., all had to be as similar as possible. It might be hypothesized
that relatively small differences in any one of those factors could
greatly skew results.

The first step involved a reconnaissance of adjacent areas to the
investigation site in order to locate areas havin, similar topography,
geology, and vegetation composition. Those areas would be used as the
second (control) of each of the paired sites for the three study areas.
The reconnaissances for each area did, in fact, reveal appropriate ad-
jacent areas which were evaluated for selection for use as the paired
sites.

The second step of the methodology involved four principal stages.
These included: (1) species observations and reconnaissance, (2) tissue
sampl ing and aalysis, () ground spectroradometic -measuremet, and

(4) data analysis.
It was important that species composition be carefully ascertained

throughout each of the study areas. Homogeneous areas of highly specific
composition might indicate a taxonomic response to the underlying geo-
chemical conditions. Therefore, ground reconnaissance transects were
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conducted through each of the study areas prior to sampling. Extreme
taxonomic responses might preclude other types of sampling. That is, if
certain major species did not occur within a sigrificant part of a study
area, it would obviously be impossible to biogeochemically or spectrally
sample it.

The major perennial species were noted and reccrded at each study
area. These species were later evaluated ard a decision was made to use
them for tissue sampling and spectral analysis. The lecisions were made
on the basis of distribution of the more dominant species throughout
each of the paired si~.as. As it turned out, only Douglas fir (Pseudotsuga
menziesii) and red alder (Ainus rubra) were used in the subsequent analyses.
The other species were either not plentiful enough for an adequate sample,
or else had discontinuous distributions.

At each of the paired sites, tissues including the last years' twigs
and leaves were clipped and stored from a number of individual trees for
subsequent biogeochemical analysis. At one site (the ordnance burn site)
two species grew ubiquitously and were sampled. At the other two sites,
only one species (Douglas fir) was sampled. At least five samples of
each species were collected from each paired site. Individual trees
were randomly accessed but were sampled with careful criteria. These
included distance above ground (4-1/2 feet above ground level) and the
same side of the tree. Care was taken to ensure that the same.ratio of
needles or leaves to twigs was taken at each site. Approximately 100
grams (minimum) of leaf tissue was gathered and bagged (in Hubco bags)
at each site. The location of the sample was determined via tape and
compass and recorded. Careful documentation has been made oi each
sample site. A location number was recorded on the sample bag. The
samples were sent to a preparation lab for washing and subsequent pulp-
ing. Those samples were then submitted for biogeochemical analysis in-
volving elemental concentration through either an Inductively Coupled
Plasma (ICP) emission spectroscopy device or through neutron activation
(in which the sample is irradiated and emitted neutrons are measured
spectroscopically). The two biogeochemical analytical techniques were
used because of the importance of assessing different sets of elements.
Lead, for example, is only measured through the use of the ICP. Both
techniques are accurate to parts per billion (ppb) for some elements and
parts per million (ppm) for others.

Coincident with the biogeochemical sampling was a spectroradio-
metric analysis conducted with a hand-held ratioing radiometer (HIIRR).
The 1H1RR is an electro-optical instrument with electronic readout de-
signed primaiily for use in environmental investigations. The HHRR
measures the energy reflected by a target of interest through a set of
ten filters of the operators chosing. Typically, the narrowest filter
used is 10 nm with the widest over 100 nm. In the experiments conducted,
five filters having 10 nm bandpasses centered on 680 nm, 700 nm, 720 nm,
740 nm, and 780 nm were used. These filters were used since they repre-
sent the entire range of the red edge of spectral reflectance. This
region has been hypothesized (e.g., Milton, 1983) as being highly sen-
sitive to vegetation affected by metal and moisture stress. In addition,
filters for the first five Landsat Thematic Mapper (TM) bandpasses (that
is, 420 nm to 500 nm, 520 nm to 600 nm, 630 nm to 690 nm, 760 nm to 900
nm, and 1.55 um to 1.75 um) were also employed. Landsat TM banids were
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felt to be especially significant becuase of their widespread use not
only in the Landsat satellite, but also in airborne sensors employing
the same bandpass configuration. It was felt that if the techniques
were found to be useful, a system having operational capability would be
essential.

The HHRR signal is displayed in a liquid crystal display (LCD) after
amplification and rectification. Although the instrument was initially
built to display a ratio of two filters for the target, it can be used
as a direct reading spectroradiometer. The footprint (or area viewed)
is approximately 4 cm by 20 cm from a height of about 1 meter. The
operator uses it mounted on a tripod and pointed vertically down at all
times in order to ensure consistency in viewing angle. The instrument
is pointed at a flat reflectance standard (fibrefrax and barium sulfate
are two such materials) and a measurement is taken. The standard is
then withdrawn, the target exposed, and a second measurement is taken.
The target reflectance is the ratio of the target reading versus the
standard reading. The LCD display is then recorded (for these samples,
recording was done by hand). Three readings were taken of each target
and the average was used for subsequent analysis. Targets consisted of
five branchlets, approximately 1/2 meter long, superimposed on one another
with the top side of the leaves exposed. The ends of the cut branches
were wrapped with wet towels to minimize dessication and moisture stress.
In all cases, readings were taken within 5 minutes of branch removal.
Readings were always taken when the skies were cloud free. This was
determined by analyzing the radiometer display. A shift in the readout
Qf more than two or three counts meant that atmospheric interference was
occurring and readings were suspended. No readings were taken at the
Keyport site since atmospheric interference was extreme due to a con..
tinuous cloud cover.

Data Analysis

The Student's T-test was determined to be the most appropriate
technique due to the number of samples taken and the nature of the
hypothese to be tested. Data were converted to reflectances, averaged,
and then entered into a Student's T-test program for determinatioq of
statistical significance of the broad and narrow band spectral charac-
teristics of vegetation growing on affected areas versus unaffected
areas.

RESULTS AND DISCUSSION

Results show that some of the techniques tested were only partially
successful. The NUWES Keyport site should be excluded from discussion
at this point because spectral measurements were not acquired due to
cloudy conditions. Cursory examination of the biogeochemical data
indicates high zinc and arsenic levels in vegetation growing on the
landfill compared with the control site. This observation may indicate
the value of ground-based spectral measurements.
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Results for the electroplating acid waste disposal site and the
ordnance burn site indicate that both biogeochemical analysis and ground
spectral analysis might be appropriate for discriminating hazardous waste
sites. Each of the techniques was found to be more useful for analyzing
one of the sites than for the other.

Results of the ground spectral analysis have been most interesting.
The narrow bandpass filters located along the red edge were more success-
ful in discriminating hazardous waste disposal than were the wider Landsat
TM bandpass filters.

Electroplating Acid Waste Disposal Site

Biogeochemical and spectral samples were collected along a series
of transects at the site. Data were analyzed for a cluster of five
samples collected in the immediate vicinity of the site and a cluster of
four samples collected in the control area.

Ground spectral results are indicated in the Appendix to this report.
Graphs of plant spectral response employing both the narrow band red
edge filters and the Landsat TM filters are illustrated in Figures 4 and
5. An examination of the narrow band spectra shows that vegetation grow-
ing near the site have spectra which are displaced vertically upward and
to the left than the vegetation growing in the control site. The data
were subsequently examined statistically using Student's T-test with an
a priori level of significance set at 5 percent in order to detormine if
the spectral responses of vegetation growing in the vicinity of the acid
waste disposal site were significantly different from vegetation growing
in a nearby control site. Results of the "T"-test, which -ire also in-
cluded in the Appendix, show that vegetation spectral response in the
five narrow band red edge channels indicates a highly significant dif-
ference between vegetation growing near the acid waste disposal site and
vegetation growing on the control site. In fact, the three bandpasses
situated along the red edge differed with a level of significance of
less than 0.5 percent. TM bands 1, 2, 3, and 5 all differed signifi-
cantly with the visible bands (TM 1, 2, and 3 differing with a level of
significance of less than 0.1 percent). TM band 4, the near infrared
band, had no significant difference. Biogeochemical results were quite
inconclusive. Levels of arsenic were greater in trees growing near the
disposal site and levels of zinc appeared to be lower near the site.
Other elements showed little difference.

Ordnance Burn Site

Fifteen spectral and biogeochemical samples were collected in the
vicinity of the ordnance burn site and within a control site located in
the immediate vicinity. T;,ese samples were divided between two species,
Douglas fir (Pseudotsuga menziesii) and red alder (Alnus rubra), as both
of these species were ubiquitously present within both the burn site as
well as within the control area.

Ground spectral results are summarized in the Appendix. The spectra
depicted are illustrated in Figure 5. This figure shows results from
the narrow band filters as well as from the TM band equivalents of both
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Douglas fir and red alder; vertical bars representing one standard
deviation from the mean are given. Figures 6, 7, 8, and 9 show the
displacement of spectra of the burn site species (both the Douglas fir
and the red alder) from the spectra of the control site species. While
the displacement may not appear to be as great as for the acid waste
spectra, the level of significance of the difference of the set involving
the narrow band spectra is nevertheless as important. T-tests applied
to the data set show that there were no significant spectral changes in
red alder measured with the "red edge" narrow band filters, while Douglas
fir had significant differences in the middle of the red ed;ge at 720 nm.
Surprisingly Landsat TM results were more significant, with red alder
exhibiting significant differences in TM I and TM 3, and Douglas fir
exhibiting significant differences in TM 1, TM 3, and TM 5. TM 4/3
ratios were highly significant for both red alder and Douglas fir.

Biogeochemical results were more significant for the ordnance burn
site than for the acid waste disposal site. Zinc was the most signifi-
cant element with considerably greater differences on the site as opposed
to the control site.

RECOMMENDATIONS

The results of the investigation indicate that discrimination
between contaminated and uncontaminated sites is possible through the
use of vegetative spectral reflectances. To further test this hypothe-
sis, additional ground-truthing is recommended. In addition, it is
reccmmended to conduct a fly-over of the test area using the ban s that
cleaxly discriminated between the sites to verify the procedure. Since
the contaminated areas have been delineated to a degree using traditional
methods, this second phase will test the accuracy of the remote procedure
from an applications viewpoint.

If contaminated areas can be delineated using a remote sensing tech-
nique, as proposed, the method may provide a faster and more economic
means for environmental assessments and for routine monitoring of facili-
ties. Until further tests are completed to verify the applicability of
this technique, cost and time savings cannot be calculated. It is esti-
mated that sampling time and analysis will be reduced, but to what extent
is unknown.
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Figure 4. Reflectance spectra of Douglas fir growing on and off
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Figure 5. Landsat TM reflectance spectra of Douglas fir growing
on and off an acid waste disposal site, Bangor, WA.
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Appendix

REFLECTANCE SPECTRA

The reflectance spectra were derived by a Barringer Hand-Held
Ratioing Radiometer. Spectra are from narrow-band filters (10 nm)
located along the red edge and from the first five TM bands. Spectra
are derived by dividing the target voltage response by a reflectance
standard voltage response.

ORDNANCE BURN SITE

HHRR Channel (bandpass midpoint wavelength is given)

1 2 3 4 5
Sample No. (680 Pm) _C700 nm) (720 nm) (740 nm) (780 nm)

On-Site/Species

D1 (Alru*) 3.8% 10.0% 30.7% 47.9% 54.1%
D2 (Psme**) 3.1% 8.0% 24.7% 42.8% 50.6%
D7 (Alru) 3.7% 7.9% 25.7% 46.1% 57.4%
D8 (Alru) 4.7% 10.4% 27.0% 43.1% 50.8%
D9 (Psme) 4.7% 8.7% 23.1% 38.3% 45.7%
D10 (Alru) 6.2% 14.1% 35.1% 53.3% 59.2%
D32 (Psme) 4.4% 10.0% 24.9% 4.2.5% 50.1%
SD*** (Alru) 1.16% 3.16% 4.22% 4.28% 3.71%
SD (Psme) 0.71% 1.06% 2.22% 3.98% 4.01%

Control Site

D12 (Alru) 4.0% 9.3% 22.1% 36.7% 44.1%
D20 (Alru) 5.8% 10.4% 29.2% 49.8% 59.3%

D21 (Alru) 4.5% 9.0% 25.4% 42.8% 51.6%
D22 (Alru) 4.6% 10.1% 26.4% 42.0% 49.3%
SD 0.76% 0.66% 2.93% 5.38% 6.32%
D14 (Psme) 2.2% 6.2% 21.6% 39.6% 48 5%
DIS ( Ps.. 2.9o 6.7% 20 .7% 39.0% 7/
D18 (Psme) 4.3% 9.3% 21.3% 33.2% 39.1%
D19 (Psme) 3.2% 7.2% 18.4% 30.1% 35.5%
SD 0.87% 1.36% 1.45% 4.60% 6.99%

*"Alru" is an alphameric designator for Alnus rubra or red alder.
**"Psme" is an aiphameric designator for Pseudotsu a menziesii or

Douglas fir.
***SD- Standard deviation.
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ORDNANCE BURN SITE

TM Channel (midpoint wavelength is given)

1 2 3 4 5
Sample No. _(485 nm) (560 n (660 nm) 830 nm) (1650 nm)

On-Site/Species

Dl (Alru) 3.9% 8.7 3.8% 58.4% 38.1%
D7 (Alru) 3.2% 5.3% 3.2% 56.4% 24.1%
D8 (Alru) 2.9% 5.8% 3.2% 47.1% 20.6%
D1O (Alru) 3.7% 7.7% 3.8% 61.6% 35.2%
SD 0.46% 1.60% 0.35% 6.32% 8.46%
D2 (Psme) 3.0% 5.6% 3.1% 59.0% 21.6%
D32 (Psme) 3.1% 5.6% 2.6% 49.5% 15.7%
D9 (Psme) 1.8% 3.5% 1.8% 45.8% 17.3%
SD 0.63% 1.30% 0.57% 7.39% 2.53%

Control Site

D12 (Alru) 2.0% 4.8% 2.0% 51.8% 21.3%
D20 (Alru) 4.2% 6.6% 3.8% 55.8% 29.2%
D21 (Alru) 2.2% 4.8% 2.2% 53.1% 28.3%
D22 (Alru) 3.0% 5.7% 3.1% 51.8% 28.7%
SD 1.00% 0.86% 0.83% 1.89% 3.73%
D14 (Psme) 2.3% 4.5% 2.4% 52.1% 15.7%
DIS (Psme) 1.8% 3.5% 1.7% 55.2% 14.6%
D18 (Psme) 1.1% 3.0% 1.1% 36.2% 11.6%
D19 (Psme) 1.0% 2.6% 1.0% 34.7% 11.6%
SD 0.61% 0.82% 0.64% 10.6% 2.10%
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ACID WASTE SITE

HIIRR Channel (bandpass midpoint wavelength is given)

1 2 3 4 5
Sample No. (680 nm) (700 nm) (720 nm) (740 nm) (780 nm)

On-Site/Species

44 (Psme) 2.7% 10.6% 29.2% 42.4% 47.6%
45 (Psme) 3.2% 11.3% 26.5% 35.7% 40.0%
52 (Psme) 4.0% 10.1% 28.6% 44.4% 50.9%
53 (Psme) 4.2% 10.7% 28.3% 43.3% 49.6%
62 (Psme) 2.8% 11.0% 29.7% 42.6% 47.0%
SD 0.69% 0.45% 1.22% 3.43% 4.22%

Control Site

48 (Psme) 1.6% 4.3% 16.0% 29.9% 36.2%
59 (Psme) 2.1% 5.9% 20.4% 36.7% 44.0%
60 (Psme) 2.6% 5.9% 19.5% 34.4% 41.2%
61 (Psme) 1.9% 6.2% 20.8% 35.0% 40.7%
SD 0.42% 0.86% 2.19% 2.90% 3.22%

ACID WASTE SITE

TM Channel (midpoint wavelength is given)

1 2 3 4 5
Sample No. (485 nm) (56Q nm) (660 nm) (830 nm) (1650 nm)

On-Site/Species

44 (Psme) 3.4% 7.5% 4.2% 51.2% 19.9%
45 (Psme) 3.7% 9.0% 5.4% 46.0% 21.2%
52 (Psme) 3.8% 7.7% 4.5% 59.4% 25.1%
53 (Psme) 3.5% 6.9% 4.0% 48.0% 21.4%
62 (Psme) 3.8% 9.6% 4.4% 54.6% 21.2%
SD 0.18% 1.12% 0.54% 5.34% 1.96%

Control Site

48 (Psme) 2.0% 3.2% 2.0% 38.3% 14.4%
59 (Psme) 2.2% 4.1% 2.4% 46.5% 18.7%
60 (Psme) 2.1% 4.4% 2.9% 51.5% 19.0%
61 (Psme) 2.3% 5.2% 2.7% 49.9% 21.2%
SD 0.13% 0.83% 0.42% 5.88% 2.12%
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Norfolk. Code 411. Portsmouth. VA: Norfolk. Code 440. Portsmouth. VA: Norfolk. Code 450.HD.

Portsmouth. VA: PWO (Code 400). Long Beach. CA: PWO. Bremerton. WA; SCE (Code 308.2). Pearl
Harbor. HI

NAVSTA CO. Brooklyn. NY. CO. Long Beach. CA: CO. Roosevelt Roads. PR; Code ODA2, San Diego. CA,
Code 4216. Mayport. FL: Code 423. FPBO Guantanamo Bay- Dir. Engr Div. PWD. Guantanamo Bay. Cba;

Engrg Dir. PWD. Rota. Spain: PWO. Mayport. FL; SCE. Subic Bay, RP: Treasure Is. Sec Offr. San
Francisco. CA: Util Engrg Offr. Rota. Spain: WC 93. Guantanamo Bay. Cuba

NAVSUPPACT PWO. Naples. Italy
NAVSUPPFAC Contract Admin Tech Library. Diego Garcia
NAVSUPPO Sec Offr. La Maddalena. Italy
NAVSWC Code E211 (Miller). Dahlgren, VA: Code G-34. Dahlgren. VA: Code W42 (GD Haga). Dahlgren.

VA. DET. White Oak Lab. Code W50 (Okonski) Silver Spring. MD: DET. White Oak Lab. PWO. Silver
Spring. MD: PWO. Dahlgren. VA

NAVTECHTRACEN SCE. Pensacola FL
NAVUSEAWARENGSTA Code 073. Keyport. WA
NAVWARCOL Code 24. Newport. RI
NAVWPNCEN AROICC. China Lake. CA: Code 24. China Lake. CA: Code 2637. China Lake. CA; PWO

(Code 266). China Lake. CA
NAVWPNSTA Code 092. Concord. CA: Code 0923. Seal Beach. CA: Code 093. Yorktown. VA: Dir. Maint

Control. PWD. Concord. CA: Earle. Code 092. Colts Neck. NJ: Earle. PWO (Code 09B). Colts Neck. NJ.
PWO. Charleston. SC: PWO. Seal Beach. CA: PWO. Yorktown, VA

NAVWPNSUPPCEN PWO. Crane. IN
NETC Code 42. Newport. RI: Code 46, Newport. RI: PWO, Newport. RI
NCR 20. Code R70
NEESA Code 113M. Port Hueneme. CA
NMCIB 5. Ops Dept: 62. Engrg Offr
NOAA Dir. Pac Marine Cen. Seattle. WA: Library. Rockville. MD
NORDA Code 352. Bay St. Louis. MS: Code 410. Bay St. Louis. MS
NRL Code 2530.1. Washington. DC: Code 6123 (Dr Brady). Washington. DC
NSC Cheatham Annex. PWO. Williamsburg. VA; Code 02. Pearl Harbor. HI: Code 43. Oakland. CA: Code

44. Oakland. CA: Code 54.1. Norfolk. VA: Code 700. Norfolk. VA: SCE. Charleston. SC: SCE. Norfolk.
VA

NSD SCE. Subic Bay. RP
NUSC DET Code 44 (RS Munn). New London. CT: Code 5202 (S Schady). New London. CT
OFFICE OF SECRETARY OF DEFENSE ODDR&E. Environ & Life Sci. Washington. DC
PHIBCB 1. CO. San Diego. CA: I. P&E. San Diego. CA: 2. CO. Norfolk. VA
PWC Code 10. Great Lakes. IL: Code 10. Oakland. CA; Code 101 (Library). Oakland. CA; Code 101. Great

Lakes. IL: Code 1013. Oakland. CA: Code 102. Oakland. CA; Code 110. Oakland. CA; Code 123C. San
Diego. CA: Code 30. Norfolk. VA: Code 30V, Norfolk. VA: Code 400. Great Lakes. IL: Code 400. Guam.
Mariana lsland ( Code 400, Pearl Harbor HI- Code 412. San Dieeo CA: Code 420. Great Lake%. IL: Code
420. Oakland. CA" Code 421. San Diego. CA: Code 422. San Diego. CA: Code 423. San Diego. CA: Code
424. Norfoik. VA: Code 50. Pensacola, FL: Code 500. Great Lakes. IL; Code 500. Oakland. CA; Code 600.
Great Lakes. IL: Code 612. Pearl Harbor. HI; Code 614. San Diego. CA: Code 615. Guam. Mariana
Islands: Code 700. Great Lakes. IL: Code 700. San Diego. CA; Library (Code 134). Pearl Harbor. HI;
Library. Guam. Mariana Islands. Library. Norfolk. VA; Library. Pensacola. FL: Library. Yokosuka. Japan.
PWC. C-422. Pearl Harbor. HI: Tech Library. Subic Bay. RP



SPCC PWO (Code 08X). Mcchanicsbiirg. PA
SUBASE SCE. Pearl Harbor, HI
SUPSHIP Tech Library, Newport News. VA
US DEPT OF HHS FDA (Fishery Rsch Br). Dauphin Island, AL
US DEPT OF INTERIOR BLM. Engrg Div (730), Washington, DC
US GEOLOGICAL SURVEY J Bales. Raleigh, NC: Marine Geology Oifc (Pitelek,). Reston. VA
USAF RGNHOSP SGPB, Fairchild AFB, WA: SGPM. Fairchild AFB. WA
USCINCPAC Code J44, Camp HM Smith. HI
USDA Ext Serv (T Maher). Washington, DC. For Svc Reg 8. (Bowers). Atlanta. GA. For Svc. Equip Dcv

Cen, San Dimas. CA: For Svc. Tech Engrs. Washington, DC
USNA Mech Engrg Dept (Powcr). Annapolis. MD. PWO, Annapolis, MD, Sys Engrg (Tuttle). Annapolis. MD
USS USS FULTON, Code W.3
BROOKHAVEN NATL LAB M. Steinberg. Upton. NY
CALIF MARITIME ACADEMY Librar\, Vallejo, CA
CALIFORNIA Fish & Game Dept. Long Beach, CA: Nay & Ocean Dev (Armstrong). Sacramento, CA
CALIFORNIA INSTITUTE OF TECHNOLOGY Environ Engrg Lib. Pasadena. CA
CLEVELAND STATE UNIVERSITY CE Dept (Akinmusuru). Cleveland, OH
CORNELL UNIVERSITY Library. Ithaca. NY
FOREST INST FOR OCEAN & MT Library. Carson City. NV
HBOI T.C. Wang. Fort Pierce. FL 33450)
INSTITUTE OF MARINE SCIENCES Library, Port Aransas. TX
KEENE STATE COLLEGE Sci Dept (Cunningham). Keene, NH
LAWRENCE LIVERMORE NATL LAB Plant Engrg Lib (L.654), Livermore. CA
LEHIGH UNIVERSITY Linderman Library. Bethlehem. PA
MIT Engrg Lib. Cambridge. MA: Lib. Tech Reports, Cambridge. MA: RV Whitman. Cambridge. MA
NATL ACADEMY OF SCIENCES NRC. Naval Studies Bd. Washington, DC
NEW YORK STATE MARITIME COLLEGE Longobardi, Bronx, NY
NY CITY COMMUNITY COLLEGE Library. Brooklyn. NY
PURDUE UNIVERSITY Engrg Lib. W. Lafayette. IN
SEATTLE PORT W Ritchie. Seattle. WA
STATE UNIVERSITY OF NEW YORK CE Dept. Buffalo. NY
TEXAS A&M UNIVERSITY Energy Trng Div (Donaldson). Houston. TX
UNIV OF TENNESSEE CE Dept (Kane). Knoxville. TN
UNIVERSITY OF HARTFORD CE Dept (Keshawarz). West Hartford. CT
UNIVERSITY OF HAWAII Manoa. Library. Honolulu, HI
UNIVERSITY OF ILLINO!S Library. Urbana. IL: Metz Ref Rm. Urbana. IL
UNIVERSITY OF NEW MEXICO NMERI (Falk). Albuquerque. NM
UNIVERSITY OF WASHINGTON Engrg Col (Carlson), Seattle, WA
UNIVERSITY OF WISCONSIN Great Lakes Studies Cen. Milwaukee. WI
VENTURA COUNTY PWA (Brownie), Ventura, CA
VIRGINIA INST OF MARINE SCI Library, Gloucester Point, VA
WORCESTER POLYTECH INST Mech Engrg Dept (Sullivan). Worcester. MA
BRITISII EMBASSY Sci & Tech Dept (Wilkins). Washington. DC
CORRIGAN. LCDR S. USN. CEC, Stanford. CA
CANADA Viateur De Champlain. D.S.A.. Matane, Ouebec
LINDA HALL LIBRARY Doc Dept. Kansas City. MO
NATL ACADEMY OF ENGRG Alexandria. VA
PRESNELL ASSOC. INC DG Presnell. Jr. Louisville, KY
SAUDI ARABIA King Saud Univ, Rsch Cen. Riyadh
SRI INTL J.L. Jones, Chem Engr Lab, Menlo Park. CA
UNITED KINGDOM Inst of Oceanographic Sci. Lib. Wormely
PETERSEN. CAPT N.W. Pleasanton. CA
ULASZEWSKI, CDR T.J. Honolulu, HI



DISTRIBUTION QUESTIONNAIRE

The Naval Civil Engineering Laboratory is revising its primary distribution lists.

SUBJECT CATEGORIES

1 SHORE FACILITIES 3D Alternate energy source (geothermal power, photovoltaic
1A Construction methods and materials (including corrosion power systems, solar systems, wind systems, energy

control, coatings) storage systems)
1 B Waterfront structures (maintenance/deterioration control) 3E Site data and systems integration (energy resource data,
'1C Utilities (including power conditioning) integrating energy systems)
1 D Explosives safety 3F EMCS design
'I E Aviation Engineering Test Facilities 4 ENVIRONMENITAL PROTECTION
1F Fire prevention and control 4A Solid waste management
1G Antenna technology 4B Hazardous/toxic materials management
1H Structural analysis and design (including numerical and 4C Waterwaste management and sanitary engineering

computer techniques) 4D Oil pollution removal and recovery
1J Protective construction (including hardened shelters, shock 4E Air pollution

and vibration studies) 4F Noise abatement
1K Soil/rock mechanics 5 OCEAN ENGINEERING
1L Airfields and pavements 5A Seafloor soils and foundations
1 M Physical security 5B Seafloor construction systems and operations (including
2 ADVANCED BASE AND AMPHIBIOUS FACILITIES diver and manipulator tools)
2A Base facilities (including shelters, power generation, water 5C Undersea structures and materials

supplies) 5D Anchors and moorings
2B Expedient roads/airfields/bridges 5E Undersea power systems, electromechanical cables, and
2C Over-the-beach operations (including breakwaters, wave connectors

forces) 5F Pressure vessel facilities
2D POL storage, transfer, and distribution 5G Physical environment (including site surveying)
2E Polar engineering 5H Ocean-based concrete structures
3 ENERGY/POWER GENERATION 5J Hyperbaric chambers
3A Thermal conservation (thermal engineering of buildings, 5K Undersea cable dynar ics

HVAC systems, energy loss measurement, power ARMY FEAP
generation) BDG Shore Facilities

3B Controls and electrical conservation (electrical systems, NRG Energy
energy monitoring and control systems) ENV Environmental/Natural Responses

3C Fuel flexibility (liquid fuels, coal utilization, energy from solid MGT Management
waste) PRR Pavements/Railroads

iYPES OF DOCUMENTS

D - Techdata Sheets; R - Technical Reports and Technical Notes; G - NCEL Guides and Abstracts, I - Index to TDS, U = User
Guides; 0 None - remove my name,



INSTRUCTIONS

The Naval Civil Engineering Laboratory has revised its primary distribution lists. To help us verify
our records and update our data base, please do the following:

* Add - circle number on list

* Remove my name from all your lists - check box on list.

* Change my address - line out incorrect line and write in correction
(DO NOT REMOVE LABEL).

* Number of copies should be entered after the title of the subject categories
you select.

* Are we sending you the correct type of document? If not, circle the type(s) of
document(s) you want to receive listed on the back of this card.

Fold on line, staple, and drop in mail.

DEPARTMENT OF THE NAVY

Naval Civil Engineering Laboratory
Port Hueneme, CA 93043-5003

SNO POSTAGE

Official Business I NECESSARY
Penalty for Private Use, $300 |_IF MAILED

IN THE

BUSINESS REPLY CARD J
FIRST CLASS PERMIT NO. 12503 WASH D.C.

POSTAGE WILL BE PAID BY ADDRESSEE

Commanding Officer
Code L34" . .. "'" ,3, A
,,d .,val 'lvi Enll 6Jineernln,, Labo O
Port Hueneme, CA 93043-5003



NCEL DOCUMENT EVALUATION

You are number one with us; how do we rate with you?

We at NCEL want to provide you our customer the best possible reports but we need your help. Therefore, I ask you
to please take the time from your busy schedule to fill out this questionnaire. Your re.sponse will assist us in providing
the best reports possible for our users. I wish to thank you in advance for your assistance. I assure you that the
information you provide will help us to be more responsive to your future needs.

R. N. STORER, Ph.D, P.E.
Technical Director

DOCUMENT NO. TITLE OF DOCUMENT:

Date: Respondent Organization :

Name: Activity Code:
Phone: Grade/Rank:

Category (please check):

Sponsor User _ Proponent - Other (Specify)

Please answer on )our behalf only; not on your organization's. Please check (use an X) only the block that mobt closel)
describes your attitude or feeling toward that statement:

SA Strongly Agree A Agree 0 Neutral D Disagree SD Strongly Disagree

SA A N D SD SA A N D SD

I. The technical quality of the report ( ) ( ) ( ) ( ) ( ) 6. The conclusions and recommenda- ( ) ( ) ( ) (
is comparable to most of my other tions are clear and directly sup-
sources of technical information, ported by the contents of the

report.
2. The report will make significaut ( ) ( ) ( ) () ()

improvements in the cost and or 7. The graphics, tables, and photo- ) ( ) ( ) ( )
performance of my operation. graphs are well done.

3. The report ackno\ ledges related ( ) ( ) ( ) ) )
work accomplished by others. Do you wish to continue getting " I

NCEL reports? YES NO
4. The report is well form atted. 0) 0) ( ) () ( ) ....

Please add any comments (e.g., in what ways can we
5. The report is cle!arly written. ( ) ( ) ( ) ( ) ( ) improve the quality of our reports?) on the back of this

form.



Comments:

Please fold on line anid staple
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Naval CMvi Engineering Laboratory
Port Hueneme,. CA 93043-5003

Official BusinesA
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